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INTRODUCTION
Helicobacter pylori (H. pylori) is an important pathogen in the human stomach. The natural acquisition of H. pylori infection occurs mainly during childhood. Once established within the gastric mucosa, the infection persists for life if left untreated. The epidemiological evidence and the rare occurrence of peptic ulcers or gastric atrophy in children [1, 2] suggest that H. pylori-related gastric mucosal damage might be progressive through childhood into adulthood. H. pylori infection elicits a host inflammatory response, including mucosal infiltration by polymorphonuclear leukocytes, macrophages, and T and B lymphocytes. The inflammatory response has a slow onset and becomes chronic after a long period of infection. Although the symptoms of chronic infection are not as severe as those of acute inflammation, the condition is persistent [3] . The activated inflammatory cells release reactive oxygen and nitrogen species that can induce DNA injury and cellular apoptosis [4] . The chronic colonisation of the stomach with H. pylori causes inflammation within the gastric mucosa and activates multiple oncogenic pathways [5] . The interaction of H. pylori with the surface mucosa results in the increased release of pro-inflammatory cytokines [6] that exacerbate the inflammatory response. The persistence of this immune response leads to chronic inflammation, one of the factors associated with DNA methylation. DNA methylation is one of the most important epigenetic modifications and primarily occurs on the cytosine residues of CpG dinucleotides, which are frequently clustered into CpG islands within the promoter regions of certain genes [7] . DNA methylation of these promoter regions inhibits transcription through chromatin structural changes that are mediated by the interactions of the methyl-cytosines with the protein complexes that recruit histone-modifying enzymes [8, 9] . Globally, gastric cancer is the fourth most common type of cancer and the second leading cause of cancer death, and 930000 new cases of gastric cancer are projected per year. South Korea, Japan and Eastern Asia have the highest incidences of gastric cancer, followed by Eastern Europe and Latin America [10] . Since the discovery of H. pylori by Warren et al in 1982 [11] , many studies have demonstrated a strong association between H. pylori infection and the development of gastric cancer [12, 13] . Moreover, in 1994, the International Agency for Research on Cancer recognised H. pylori as a definitive carcinogenic agent based on several epidemiological reports [14] . The primary mechanism by which H. pylori induces gastric cancer is thought to include the upregulation of several genes, including cytokines, oncogenes and growth factors, as well as the downregulation of tumour suppressor genes. These alterations in gene expression are believed to result from mutations and microsatellite instability [15] .
Additionally, several studies have demonstrated a close association between H. pylori infection and aberrant CpG island methylation [16] [17] [18] . Many critical genes are silenced by DNA methylation during cancer development. Recent studies have shown that the silencing of certain DNA repair genes by DNA methylation might be related to the occurrence of tumorigenic mutations. The expression levels of MLH1, a mismatch repair gene, are frequently altered in gastric cancers, and changes in MLH1 expression can promote tumour development [19] . Additionally, O 6 -methylguanine DNA methyltransferase (MGMT) is a protein required for the repair of alkylated guanines in DNA that arise from exposures to environmental alkylation mutagens or through endogenous mechanisms. It has been reported that the loss of MGMT expression might increase the occurrence of genetic mutations and thus lead to gastric cancer development [20] . Additionally, Kitajima et al [21] reported that the loss of MGMT along with mismatch repair (MMR) proteins in gastric cancer patients is an important event in tumour progression.
Microsatellite instability (MSI) is one hallmark of DNA MMR deficiency that is observed in gastric carcinogenesis. Microsatellites are short DNA sequence repeats that are scattered throughout the human genome. Errors in the DNA MMR mechanisms of tumour cells can result in the expansion or contraction of these repeated sequences and thus MSI [22] . MSI occurs in nearly every case of gastric cancer that is associated with germline mutations of the MMR genes.
The inactivation of the MMR genes MS H2 and MLH1, either through a mutation or an epigenetic mechanism, is responsible for the development of MSI in gastric cancer. The aberrant loss of expression of either the MLH1 or MSH2 proteins has been observed in patients exhibiting gastric cancer with MSI. In particular, altered MLH1 expression is associated with self-gene inactivation through the hypermethylation of its promoter regions [23, 24] . It is well established that H. pylori infection leads to chronic inflammation in the gastric mucosa, which is a condition associated with DNA methylation. Because such epigenetic alterations play an important role in the regulation of gene expression and the maintenance of DNA integrity and stability, the aim of this study was to analyse the effects of H. pylori infection on the methylation statuses of MLH1 and MGMT and the relationship between the methylation of these promoters and microsatellite instability in H. pylori-infected or uninfected children as well as infected or uninfected adults with chronic gastritis or gastric cancer. This study included 239 patients, of which 50 were children between the ages of 2 and 18 years old (average age = 8 ± 4 years; 47% male, 53% female) who suffered from dyspepsia. Of the remaining patients, 97 suffered from chronic gastritis (average age = 35 ± 13 years; 33% male, 67% female), and 92 suffered from gastric cancer (average age = 60 ± 12 years; 82% male, 18% female). All of the patients were non-smokers, did not abuse alcohol and were not using prescription or recreational drugs.
MATERIALS AND METHODS

Patients
Biopsy collection
Biopsies from patients with gastric complaints were obtained from the lesser curvature of the antrum (the distal region of the stomach) within 2 cm of the pyloric ring during endoscopies. For patients with gastric cancer, biopsies were obtained during gastric surgeries (to remove gastric carcinoma). One biopsy was used for a rapid urease test [25] , 2 were used for histopathological evaluations, and 1 was used for bacterial genotyping by polymerase chain reaction (PCR) . H. pylori infection was considered present when positive results were obtained from all of the following tests: rapid urease test, histological analysis and gastric biopsy PCR. The patients were considered uninfected when negative results were obtained for all tests.
Histopathology
Gastric mucosal samples were fixed in 10% formalin for 24 h, dehydrated in alcohol and xylene, and embedded in paraffin. Sequential 3-5-µm sections were cut and stained with haematoxylin-eosin for routine histology. Gastritis was classified according to Sydney's system [26] , and the presence of H. pylori was determined by carbolfuchsin staining of the sections.
Bisulphite treatment and methylation-specific PCR
Bisulphite treatment was performed on 1 µg of DNA with the EpiTect Bisulfite kit (Qiagen, Valencia, CA, United States). Methylation-specific PCR (MSP-PCR) was performed with a primer set specific to the methylated or unmethylated sequences (M or U sets, respectively) [27] . The PCR reactions were performed in a final volume of 25 µL with approximately 200 ng of sodium bisulphitetreated DNA and 25 pmol of each primer. The PCR amplifications were performed for 40 cycles that each consisted of a denaturation step at 95 ℃ for 5 min, a primer-annealing step at 58 ℃ for 35 s and an extension step at 72 ℃ for 40 s, with a single final extension step at 72 ℃ for 7 min. The reaction products were separated by electrophoresis on 8% polyacrylamide gels and visualised by silver staining (Figure 1 ).
RNA extraction and real-time PCR
The gastric biopsies were collected, snap frozen, and stored at -80 ℃ in RNAlater ® (Qiagen, Valencia, CA, United States). Total RNA was isolated with the RNeasy tissue kit ® (Qiagen). The gastric cancer biopsies were microdissected prior to RNA extraction. The PixCell 
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Single strand conformation polymorphism (SSCP) analysis was performed on each sample. Briefly, 12 µL of each PCR product were mixed with 12 µL of denaturing buffer (95% Formamide, 0.05% Bromophenol blue, and 0.05% xylenocianol), denatured at 95 ℃ for 5 min and separated by electrophoresis on a non-denaturing 7% polyacrylamide gel for 3 h at room temperature. The single strands of the PCR products were visualised as bands by silver staining.
MSI was defined as a shift in the mobility of the DNA band from either allele or by the appearance of a new band (Figure 2 ). The MSI status was also confirmed by direct sequencing (data not shown). High-level instability (MSI-H) was defined by the presence of more than one instability marker. Low-level instability (MSI-L) was defined as the presence of a single instability marker. Finally, if no instability markers were present, the sample was used to obtain laser captures using an amplitude of 50 mW, a duration of 800 ms and a 7.5-mm beam. RNA from the capture lids (Arcturus) that contained the microdissected tissue was extracted with the PicoPure RNA isolation kit (Arcturus). Single-stranded cDNA was synthesised from the RNA using the high capacity cDNA archive kit ® (Applied Biosystems, Foster City, CA, United States) according to the manufacturer's protocol.
Quantitative PCR was performed on a 7300 realtime PCR system (Applied Biosystems) and the threshold cycle numbers were determined with the RQ Study software (Applied Biosystems). The reactions were run in triplicate and the threshold cycle numbers were averaged. The 50-µL reaction mixture was prepared as follows: 25 µL of Sybr Green ® Quantitative PCR SuperMix-UDG (Invitrogen Life Technologies, Alemeda, CA, United States), 10 mmol/L of each primer (Table 1 ) and 10 µL of cDNA (100 ng). The reactions was were performed with a preliminary UDG treatment for 2 min at 50 ℃ and denaturation for 2 min at 95 ℃, followed by 45 cycles of denaturation at 95 ℃ for 15 s, annealing at 60 ℃ for 15 s, and primer extension at 72 ℃ for 15 s. This treatment was followed by a melting-point analysis of the doublestranded amplicons that consisted of 40 cycles of 1 ℃ decrement (15 s each), beginning at 95 ℃. The first derivative of this plot, dF/dT, is the rate of change of fluorescence in the reaction. A significant change in fluorescence occurs at the melting point of the double-stranded PCR products. A plot of dF/dT versus temperature displays these changes as distinct peaks.
MLH1 and MGMT gene expression was measured and normalised to a constitutive gene (β-actin). The relative expression was calculated according to the formula 2 (-∆∆Ct) [28] , and the results are expressed as the average gene expression ± SD.
MSI analysis
All samples were analysed for 4 markers (BAT-25, BAT-26, D17S250 and D2S123) as recommended by the American National Cancer Institute (NCI) workshop on MSI [29] . PCR was performed in a final volume of 25 µL with approximately 200 ng of template genomic DNA and 25 pmol of each primer. PCR amplifications was performed for 35 cycles that consisted of a denaturation step at 95 ℃ for 30 s, a primer-annealing step at 55-58 ℃ for 30 s and an extension step at 72 ℃ for 30 min, followed by a final single extension step at 72 ℃ for 10 min. was classified as displaying microsatellite stability (MSS) [29] .
Statistical analysis
The association between microsatellite instability and the methylation pattern was evaluated with either the χ 2 test with Yates continuity correction or Fisher's exact test. Statistical significance for expression analysis was assessed by an unpaired Student's t-test. A P value of < 0.05 was considered statistically significant.
RESULTS
The presence of H. pylori infection was analysed in biopsy specimens from 50 paediatric patients and 189 adult patients who underwent endoscopies. Infections were detected in 22 of the 50 (44%) children, 83 of the 97 (86%) adults with chronic gastritis and all (100%) of the 92 adult gastric cancer patients.
Methylation was not detected in the promoter regions of MLH1 and MGMT in the paediatric samples. The samples from the chronic gastritis patients showed hypermethylation in the MHL1 gene promoter region in 11 of the 83 (13%) samples from the H. pylori-infected subjects and in 1 of the 14 (7%) samples from the uninfected subjects (P > 0.05; Table 2 ). Methylation of the MHL1 promoter region was observed in the samples from 36 of the 92 (39%) gastric cancer patients. The differences observed in the percentages of methylated samples are statistically significant when the patients with gastric cancer are compared to those with chronic gastritis, regardless of H. pylori infection status (P < 0.001; P < 0.05, respectively; Table 2 ).
In patients with chronic gastritis, MGMT promoter region methylation was observed in the biopsies from 42 of the 83 (51%) H. pylori-positive patients and 3 of the 14 (21%) H. pylori-negative patients (Table 2) ; this difference was statistically significant (P < 0.05). In the gastric cancer patients, MGMT promoter region methylation was observed in the biopsies from 61 of the 92 (66%) patients. The difference in the percentages of samples with MGMT promoter region methylation between the gastric cancer patients and the non-infected chronic gastritis patients was statistically significant (P < 0.01). Additionally, there was a statistically significant difference between the percentages of methylated samples from the gastric cancer patients and the H. pylori-infected chronic gastritis patients (P < 0.05). Furthermore, the frequency of promoter methylation for both genes was higher in the gastric cancer samples than in the H. pylori-positive chronic gastritis samples; this difference was statistically significant (P < 0.05).
The MLH1 and MGMT gene expression levels were measured and evaluated in the context of promoter methylation. The levels of both MLH1 and MGMT mRNA were significantly reduced in the methylated samples compared to the unmethylated samples in both the H. pylori-positive and uninfected adult chronic gastritis samples (Table 3 ). Overall, gastric cancer patients and paediatric patients had low levels of MLH1 and MGMT mRNA expression.
Biopsy samples from children with chronic gastritis were relatively stable for the tested microsatellite markers. Only 2 samples (both H. pylori-negative) were scored as MSI-H, and the remaining paediatric samples were scored as MSS (stable; Table 4 ). MSI was present in 51 of the 83 (61%) H. pylori-positive chronic gastritis samples from adults. Of these, 37 (73%) samples were scored as MSI-L and 14 (27%) samples as MSI-H. MSI was observed in 9 of the 14 (64%) uninfected patients with gastritis; 6 (67%) samples were scored as MSI-L and 3 (33%) as MSI-H. MSI was observed in 63 of the 92 (68%) gastric cancer patients; 38 (60%) were scored as MSI-L and 25 (40%) as MSI-H. No significant association was found between H. pylori infection and MSI in the samples from chronic gastritis adult patients. However, there was a significant difference (P = 0.03) in the percentages of samples with MSI for between the gastric cancer patients and the H. pylori-infected chronic gastritis patients.
Various authors have postulated that the methyla- tion of the MHL1 promoter region leads to the downregulated expression of the MHL1 gene, an effect that is strongly associated with MSI [23, 24, 30] . Therefore, we evaluated whether there was any association between the MLH1 methylation status and MSI in our study population. The data presented in this study show a strong association between the MLH1 methylation status and MSI in patients with gastric cancer (P < 0.01). However, we did not find any significant association between the MLH1 methylation status and MSI in the samples from chronic gastritis adult patients, regardless of H. pylori infection status. Additionally, a multivariate analysis did not show that the H. pylori infection was associated with gene promoter methylation and MSI.
DISCUSSION
Genomic DNA methylation is one of the most important epigenetic modifications in eukaryotes. DNA methylation is essential for life, and alterations of the methylation process are often associated with carcinogenesis related to chronic inflammation or persistent infections of viruses or other pathogenic microorganisms. In this setting, we evaluated the effects of H. pylori infection on the methylation patterns of the MLH1 and MGMT promoter regions as well as the MSI statuses of paediatric and adult patients.
Children are an interesting natural model for H. pylori infection studies not only because they are not usually exposed to gastric mucosal irritants such as alcohol, tobacco, and anti-inflammatory medications but also because the gastric mucosal changes in children might represent an earlier stage of the inflammatory response when compared to those in adult hosts, due to the shorter duration of H. pylori infections in children. To our knowledge, this is the first study to evaluate the methylation patterns of DNA repair genes in paediatric samples. Our data showed an absence of the methylation in the MLH1 and MGMT promoter regions and that the mRNA levels of both genes were similar in infected and uninfected children. Although our data did not indicate an effect of H. pylori infection on the methylation patterns of two DNA repair genes, a recent study reported an association between H. pylori infection and the methylation patterns of 7 genes in paediatric samples; however, none of these genes were involved with DNA repair [31] . The methylation levels in these susceptible loci were increased in the adult samples when compared to the paediatric samples, suggesting that the altered methylation patterns might be related to the duration exposure to of H. pylori [31] . Accordingly, our data showed that the methylation rates were significantly higher in the samples from adults with chronic gastritis than in the samples from children with chronic gastritis.
Recently, it has been shown that prolonged bacterial infections lead to saturation of the repair capabilities of the host cells and thus to an ineffective and mutagenic DNA repair system [32] . Accordingly, it is believed that H. pylori-associated gastric mucosal damage might be progressive through childhood and into adulthood [1, 2] . Taking this into account, our data suggest that H. pylori infectionmediated DNA methylation in adults may depend not only on the level of the inflammatory response but also on the persistence and duration of the infection.
Our data showed high levels of MGMT promoter region methylation in patients with H. pylori-positive chronic gastritis when compared to those with H. pylorinegative chronic gastritis, indicating that MGMT promoter methylation is significantly associated with H. pylori infection in chronic gastritis cases. Previous studies reported that MGMT CpG methylation is more frequent and extensive in H. pylori-infected versus uninfected patients [33] . Additionally, it has been suggested that the MGMT promoter methylation in H. pylori-infected patients is related to tumour progression [34, 35] . Our data showed no differences in MLH1 promoter region methylation between patients with H. pyloripositive chronic gastritis and those with H. pylori-negative chronic gastritis. However, the methylation levels were higher in patients with gastric cancer than in patients with chronic gastritis. Similarly, it has been reported that MLH1 promoter methylation occurs late in intestinal metaplasia development [36] . Taken together, our data suggest that MLH1 methylation occurs late in the progression of gastric carcinoma and that methylation depends partly on the persistence of the H. pylori infection.
The data presented herein also showed that the methylation of the promoter regions significantly reduced the mRNA levels of both MGMT and MLH1 in patients with chronic gastritis, regardless of H. pylori infection status. Conversely, no differences in mRNA levels were observed in gastric cancer samples, regardless of methylation status; this is likely consequent to other epigenetic and genetic mechanisms. Recently, it was reported that H. pylori infections in patients with gastritis were associated with MGMT hypermethylation and reduced levels of MGMT mRNA in the gastric epithelium [33] . Similar results were reported for MLH1 in gastric carcinoma samples [19] . Therefore, it is possible that the hypermethylation of the MLH1 promoter region leads to the reduced expression of its protein product. This phenomenon could permit the accumulation of mutations due to the lack of surveillance and repair that are consequent to this deficiency in the DNA repair system. Ultimately, the deficient DNA repair process can be detected by the appearance of microsatellite instability [37] . In this study, we screened a group of H. pylori-infected and uninfected paediatric patients as well as a group of adult patients who were divided as follows: H. pyloriinfected chronic gastritis patients, uninfected chronic gastritis patients and gastric cancer patients (all of whom were infected with H. pylori). MSI instability was found to be a very rare event in the paediatric population. Our data showed that H. pylori infection was not associated with MSI among patients with chronic gastritis. The incidence of MSI in gastric cancer patients was 64%, which was consistent with results reported previously by others (incidences ranging from 58% to 76%) [38, 39] . Additionally, several studies have reported the presence of MSI in patients with intestinal metaplasia and gastric cancer, suggesting that the development of MSI may be an early event in the multi-step progression of gastric carcinogenesis [40, 41] . The presence of MSI-H in sporadic carcinomas has been significantly associated with the loss of MLH1 expression [42, 43] . This phenomenon was associated with the hypermethylation of the MLH1 promoter, which is the underlying mechanism that causes MSI in gastric adenomas and early gastric cancers [24, 44] . It is well known that H. pylori infection causes an increased rate of cell turnover in the gastric mucosa and thus overwhelms the DNA repair system. This process might allow for the accumulation of mutations that are consequent to H. pylori infection and other environmental risk factors [45] . Previously, we reported that H. pylori infection leads to decreased MLH1 expression in patients with gastric cancer [46] . This result correlated with the high levels of MSI that were detected in these samples because the downregulation of MLH1 can lead to DNA repair system failures. Moreover, when the methylation patterns were compared with the MLH1 expression levels and the MSI levels in gastric cancer samples, we found higher methylation levels and a consequent downregulation of MLH1 in samples that were characterised as MSI-H versus those characterised as MSI-L samples (P < 0.03). Similarly, Mizoshita et al [47] identified a strong association between the MSI phenotype and the loss of MLH1 expression in advanced gastric cancers.
We did not find an association between MGMT promoter region methylation and MSI status. Furthermore, it was observed that the methylation of both the MLH1 and MGMT promoter regions is a frequent event in gastric cancers. Similarly, Zou et al [34] reported an increase in MGMT methylation during the progression from intestinal metaplasia to early gastric carcinoma.
H. pylori infections are generally acquired during childhood and, if left untreated, will persist indefinitely. These infections lead to chronic inflammation, one of the factors associated with epigenetic alterations and possibly with the development of gastric cancer. The results presented in this study indicate that the methylation of the MGMT and MLH1 promoter regions might be considered to be dependent on the duration of infection because similar methylation patterns had not been observed in children. Moreover, in gastric cancer patients it was shown that the MLH1 expression levels, the hypermethylation pattern of the MLH1 promoter region and the consequent increase in MSI frequency are all related events. The results of this study are in accordance with the results presented in previous studies; taken together, these findings provide a better understanding of gastric carcinogenesis in the Brazilian population. Although other authors had previously studied these genes in gastric cancers or in chronic gastritis samples from adult patients, this is the first study that included samples from children with chronic gastritis to represent the earlier stages of the inflammatory response, which supported the idea that the methylation of these genes might depend on the duration of the H. pylori infection, among other factors.
Another interesting point of this study is that it addresses a new concept described by Ogino et al [48] , termed "Molecular Pathological Epidemiology", a new field of epidemiology based on the molecular classification of cancer, in which a known or suspected etiologic factor is examined in relation to a specific molecular change to gain insights into the carcinogenic mechanisms. It is well known that gastric carcinogenesis is a multifactorial process that results from the interactions of factors related to diet, environment, individual genetic susceptibility and H. pylori infection. In this manner, this study provides insights into the carcinogenic mechanisms that are induced by H. pylori infection, one of the etiologic factors involved in gastric carcinogenesis, and the induction of epigenetic alterations in the early stages of this process. The chronic gastric mucosal inflammation induced by H. pylori infection, which is characterised by mucosal infiltration by polymorphonuclear leukocytes, macrophages and T and B lymphocytes, leads to the release of reactive oxygen species (ROS) from activated inflammatory cells. ROS can induce DNA damage and the lack of a proper MMR repair system, which is partly due to the persistence of the organisms and the associated inflammation, and thus can lead to the accumulation of DNA mutations in gastric epithelial cells that contribute to gastric carcinogenesis. Additionally, recent studies have shown that specific types of inflammation that are characterised by the expression of specific inflammation-related genes, as well as increased cell proliferation, are necessary for methylation induction. In a previous study, the authors showed that H. pylori-induced inflammation was able to induce methylation, unlike alcohol or saturated NaCl-induced inflammation [49] . Despite all of the evidence for H. pylori infection-induced methylation, we cannot exclude the presence of potential confounding factors such as differences in individual host genetics, different bacterial strains and the local microenviroment, all of which might affect an association study. Further studies of H. pyloriinduced molecular pathogenesis will be useful to our understanding of gastric carcinogenesis.
COMMENTS
Background
Gastric carcinogenesis is a multistep process that is triggered by Helicobacter pylori (H. pylori) infection and characterised by multiple genetic and epigenetic alterations, including the DNA repair genes. The action of H. pylori through inflammatory mediators might play a key role in the epigenetic silencing of these genes.
Research frontiers
Impairment of the DNA MMR system is a known mechanism of carcinogenesis and tumour progression. H. pylori infection leads to chronic inflammation in the gastric mucosa, which is associated with DNA methylation; this epigenetic alteration plays an important role in the regulation of gene expression and the maintenance of DNA integrity and stability. To date, few advances have been made to determine the time duration required for to H. pylori infection to induce such epigenetics alteration and thus potentially induce gastric carcinogenesis.
Innovations and breakthroughs
To the knowledge, this is the first study to evaluate the methylation patterns of DNA repair genes in paediatric samples. Children can be considered interesting natural models for the study of H. pylori infection not only because they are not usually submitted to gastric mucosal irritants such as alcohol, tobacco, and anti-inflammatory medications but also because the gastric mucosal changes in children might represent an earlier stage of the inflammatory response compared to those in adult hosts, due to the shorter duration of H. pylori infections in children. The results presented in this study indicate that the methylation of the MGMT and MLH1 promoter regions might depend on the duration of infection because these methylation events were not observed in children.
Applications
This study indicates that the impairment of the DNA MMR system through DNA promoter methylation is an infrequent event in the early stages of H. pyloriinduced inflammation.
